Clostridium perfringens type A is a common etiological agent in human food poisoning. An enterotoxin synthesized in large amounts only during sporulation is known to be responsible for the pathological effect in humans. Two other events have been reported to appear concomitant with enterotoxin formation. These are the synthesis of intracellular proteases and, under certain conditions, the production of intracellular inclusion bodies (IB) (4, 18) . Since these IB appeared only in enterotoxin-positive organisms, it has been suggested that they could represent a structural component where enterotoxin accumulates intracellularly (4, 19) . The role that these IB play in sporulating cells of C. perfringens has never been determined, nor have they ever been characterized. We recently described a reproducible technique for the isolation and purification of the IB produced by this organism (19) . In (5) . For NCTC 8679, caffeine (Sigma Chemical Co., St. Louis, Mo.) was added (1 mM) to the DS medium. Caffeine has been shown to stimulate the sporulation of NCTC 8679 (16) . After 7 to 8 h of growth at 37°C, the cells were mature sporangia with well-developed IB. The cultures were then washed twice with 0.05 M Tris hydrochloride buffer (pH 7.4) containing 100 mM NaCl to eliminate any adhering extracellular protease, washed twice with buffer without NaCl, and frozen until used.
Isolation and purification of IB. IB of C. perfringens type A were isolated as described elsewhere (19 (24) .
Amino acid analysis. Samples were analyzed as described elsewhere (2) , except that a Beckman 121 automatic amino acid analyzer with a one-column system was used.
Carbohydrate analysis. PAGE. Polyacrylamide gel electrophoresis (PAGE) was carried out in 7% polyacrylamide gels. The compositions of the stacking and separating gels were as described by Maurer (20) .
Determination of molecular weight. Molecular weight was determined by gel filtration chromatography. Sephadex G-150 in a 20-by 50.0-cm column (Pharmacia Fine Chemicals, Piscataway, N.J.) was equilibrated in 0.02 M NaH2PO4 (pH 6.8). The elution pattern of solubilized inclusions was compared with that of proteins of known molecular weight: lysozyme (14,400), chymotrypsinogen A (25,000), ovalbumin (OVA; 43;000), and bovine serum albumin (BSA; 68,000). Inclusions were solubilized by method ix, x, or xi as described above, except that phosphate buffer was used instead of water to prepare the solubilizing mixtures. Solubilized material (500 RI) was layered on top of the column.
Purified enterotoxin and enterotoxin treated with solubilizing mixtures x and xi were run under the same conditions as the IB.
Purification of enterotoxin. The enterotoxin in the dialyzed material from C. perfringens NCTC 8239 was purified by a modification of the method of Granum and Whitaker (10) . The cell extract of sporulating C. perfringens was precipitated with equal volumes of 30% (NH4)2SO4 and passaged through Sephadex G-150. Sterile phosphate buffer (0.2 M, pH 6.8) without NaN3 was used to elute the enterotoxin. The purity of the enterotoxin was assayed by PAGE in 7% polyacrylamide gels. An extinction coefficient (E26X) of 1.33 mg-1 cm2 was used to determine the concentration of the purified enterotoxin (10).
Production of immune sera. Antienterotoxin was produced by using purified enterotoxin from strain NCTC 8239 in a manner similar to the method of Stark and Duncan (23 6 weeks. At days 52, 58, and 65, the rabbits were bled from the ear with a bleeding apparatus (Bellco Glass, Inc., Vineland, N.J.). Titers were determined by countercurrent immunoelectrophoresis as described elsewhere (18) .
Determination of proteases adhering to the IB. Inclusions were isolated as described above, except that they were not washed with either NaCl or CHAPS, which could inactivate adhering proteases. Sucrose or diatrizoate sodium gradients were used. NaBr was avoided, since it is known to inactivate proteases (1) . The presence of proteases was determined by the Azocoll method as described by Loffler and Labbe (18) . A 1-ml amount of isolated IB was used for the analysis (protein concentration, 2.1 mg/ml).
Endogenous radioactive labeling of IB and enterotoxin. C. perfringens NCTC 8679 (100 ml) was grown in a defined medium. A mixture of "4C-labeled amino acids (ICN Chemicals, Cleveland, Ohio) was added at a final concentration of 1 puCi/mi. Labeled IB were then isolated as described above.
Enterotoxin was partially purified from the "4C-labeled cell extract of C. perfringens NCTC 8679 by a two-step precipitation procedure. The cell extract was first treated with 0.01% polyethyleneimine (Sigma) to remove nucleic acids, and the precipitate was discarded. The enterotoxin was then precipitated from the cell extract by the addition of an equal volume of 30% (NH4)2SO4. The purity of the enterotoxin was assessed as described above.
Solubilization of 14C-labeled inclusions and enterotoxin. suggesting a protein composition. Lipids were not detected in those inclusions treated with CHAPS, a detergent with nondenaturing characteristics. On the other hand, lipids were detected in those inclusions not treated with this detergent, as determined by TLC. It is possible that the cell membrane remained attached to the isolated inclusions and was removed after treatment with the detergent. This possibility was supported by electron-microscopic data reported earlier (19) . The amino acid composition of the solubilized IB closely resembled that of the purified enterotoxin (Table  1) . Both had a high content of aspartic acid, glutamic acid, serine, and leucine. The results of the enterotoxin amino acid composition analysis were in agreement with those of Granum et al. (11) .
Solubilization. A critical aspect in the characterization of the IB produced by C. perfringens was the method used for their purification and solubilization to render stable and functional subunits. Solubilization of the native inclusions could be determined by an increase in the A280 when the inclusions were incubated with solubilizing agents (Fig. 2) . A plateau in the absorbance occurred when solubilization was complete. The effectiveness of the solubilization method was Table 2 ) were unable to solubilize the IB This suggests that in intact inclusions, the disulfide bonds ar not accessible without disruption of noncovalent inter molecular forces, which is achieved when denaturing agent are present. On the other hand, method vi has been success fully used for the solubilization of spore coat proteins (15) showing that the IB and the spore coat are structurall, different. Solubilizing methods x and xi ( Fig. 4 . The stained gel had an array of bands corresponding to various proteins of the cell extract (Fig.  1  4B) . One small band, however, coincided with a radioactive peak, and both had an Rf similar to that of enterotoxin. This indicates that some solubilization of the IB occurred. How-0 -ever, most of the radioactivity remained on top of the gel, suggesting that most of the IB material remained unaltered. 20 
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No proteolytic activity was detected by the AzocollCELEXRT method in isolated IB synthesized by C. perfringens. This indicates that the IB were not degraded by attached 2 proteases.
The effect of trypsin on the IB was also studied. Trypsin m had some effect on the '4C-labeled IB (Fig. 4C) A different pattern, however, was observed when bile salts were added to trypsin (Fig. 4D) . Radioactivity was detected only on top of the gel, and no peaks were observed in the separating gel. Similar results were obtained when 14C-labeled enterotoxin was treated with bile salts and trypsin (data not shown). These results suggested that bile salts, due to their detergentlike properties, promoted the aggregation of enterotoxin and thus the aggregation of IB subunits.
For comparison, 14C-labeled IB were solubilized by method x (Table 2) . In this case, the stained band corresponded completely with the radioactive counts (Fig. 4E) . No radioactive or stained peaks were observed on top of the gel, again suggesting that the procedure was a very efficient solubilization method.
IB and enterotoxin were also subjected to proteolytic digestion with S. aureus protease V8 (Fig. SA and B) . The radioactive pattern was similar in both, except that some IB material remained on top of the gel. The similar pattern on the separating gel suggested a similar primary structure in enterotoxin and IB. DISCUSSION C. perfringens is one of the major causes of food poisoning in humans. An enterotoxin is known to be responsible for the pathological effect. Although the characteristics of this toxin are well described in the literature, the mechanism for its production is still unknown. The present work suggests that the enterotoxin accumulates intracellularly as an IB. This idea is supported by biochemical, serological, and immunocytochemical studies.
Our results indicated that the isolated IB contained only protein. No lipids, carbohydrates, or nucleic acids were detected. Denaturing and reducing agents were necessary to solubilize the IB into a single subunit component. An alkylating agent was required to prevent reaggregation of the subunits, suggesting the importance of disulfide bonds in maintaining the structure of the inclusions. Subunits resulting from solubilization of the IB had several characteristics in common with enterotoxin: (i) a molecular weight of 38,000, which was similar to the molecular weight of 35,500 obtained for purified enterotoxin subjected to the same conditions, was obtained (ii) the amino acid compositions of solubilized IB and purified enterotoxin were found to be very similar, (iii) they aggregated in the presence of SDS (this same characteristic has been previously observed in purified enterotoxin [22, 23] ), (iv) they exhibited a reaction of complete identity with purified enterotoxin, as detected by gel diffusion (19) , suggesting the presence of a common protein, and (v) upon digestion with S. aureus protease V8, solubilized IB and enterotoxin displayed a similar peptide pattern, indicating similarities in their primary structure.
Additional evidence supporting the hypothesis that enterotoxin accumulates intracellularly in distinctive IB included the in situ localization of enterotoxin by immunocytochemistry. The reactivity in the IB strongly supported the hypothesis that the IB represent the structural component where enterotoxin accumulates. Staining of the spores was expected, since spore coat proteins share one or more common proteins (6, 7) . The presence of staining around the cell wall suggested that some synthesis of enterotoxin or enterotoxinlike proteins may occur in the cell membrane of sporulating cells of C. perfringens.
The question still remains as to whether the IB are solubilized to release free enterotoxin in vivo. The IB produced by C. perfringens seem to represent compartmentalized enterotoxin. If this is true, there may be a mechanism by which the IB are degraded into the 35,000-molecularweight native unit. Proteolytic activity could be responsible for this mechanism. Proteases could have three origins. (i) The intracellular proteases of C. perfringens could act on their IB either before or after sporangial lysis. (ii) Proteolytic enzymes could be attached to the IB; after lysis of the sporangia in the human intestine, the IB could be degraded by their own proteases. (iii) IB could be degraded into enterotoxin subunits by proteases present in the human intestine. No proteolytic activity was associated with the IB. Thus, an autodegradation process is not likely, as was proposed for the IB of Bacillus thuringiensis (3). The role of intracellular proteases of C. perfringens seems minimal. Furthermore, after sporangial lysis in the human intestine, the concentrations of the intracellular proteases and IB would be so low that their interaction would seem very unlikely. No definite conclusions could be drawn on the potential effect of intestinal proteases on the IB, since only trypsin was tested. Trypsin appeared to have some effect on the inclusions, but it did not seem to be dramatic. The effect of trypsin on the IB was reversed in vitro by the addition of bile salts. This could be attributed to a reaggregation of the enterotoxin subunits by the detergentlike characteristics of the bile salts. IB may be solubilized in vivo by a combination of factors, including pH and various bacterial and intestinal proteases. However, the IB may very well remain intact after their release from the sporangia. It should be noted that a substantial amount of 35,000-molecular-weight soluble enterotoxin is present in the sporulating cells of most foodpoisoning strains. We have not attempted to quantitate the 547 VOL. 165, 1986 on October 28, 2017 by guest http://jb.asm.org/ Downloaded from 548 LOFFLER AND LABBIB distribution of the toxin between the "aggregated" state, i.e., IB, and the soluble form.
The question remains as to why the enterotoxin is synthesized in the first place. Some authors suggest that enterotoxin is a part of the spore coat which remains free, owing to loosely regulated synthetic processes (6) . This would imply that enterotoxin synthesis is intimately related to the synthesis of spore proteins. However, Granum et al. (9) detected the presence of small amounts of enterotoxin in vegetative cells. It is possible that enterotoxin from only a few early sporulating cells contributed to these results. Enterotoxin, like spore coat proteins (15) , may be an early (stage II) event in the sporulation process. Extensive electron-microscopic studies would be necessary to resolve this issue.
On the other hand, the enterotoxin could represent an intermediary or end product of metabolism related to the protein turnover known to occur after exponential growth ceases (12) . In any event, genetic control must be responsible for the large amounts of enterotoxin produced during sporulation of food-poisoning strains.
